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Abstract 

We investigate rr fusion to light h and heavy H and A Higgs bosons in the Min- 
imal Supersymmetric Standard Model (MSSM) at a photon collider as a promising 
channel for measuring large values of tan (3. For standard design parameters of a 
photon collider an error A tan/? ~ 1, uniformly for tan/3 ^ 10, may be expected, 
improving on complementary measurements at the LHC and e + e~ linear colliders. 



1 



1. Introduction. The measurement of the mixing parameter tan/5, one of the funda- 
mental parameters in the Higgs sector of the Minimal Supersymmetric Standard Model 
(MSSM) and other supersymmetric scenarios, is a difficult task. Many of the observ- 
ables, in the chargino/neutralino sector £[] for instance, involve only cos 2/5, the slope 
of which approaches —4/ tan 3 /? for large values of tan/? and thus are quite insensitive 
to the parameter tan/? in this range. Remarkably different however are the heavy H/A 
Higgs couplings to down-type fermions which, for values of the pseudoscalar Higgs boson 
mass at the electroweak scale and beyond, both are directly proportional to tan (3 if this 
parameter becomes large, see e.g. Ref. [2|, and which thus are highly sensitive to its value. 
Also the down-type couplings of the light h Higgs boson in the MSSM are close to tan /? 
if the pseudoscalar mass is moderately small. 

The Higgs down-type fermion vertices play a decisive role in various observables which 
can be exploited for measuring tan /?. Examples are the total widths of the H/A Higgs 
bosons PJ, Higgs-bremsstrahlung off bottom quarks in e + e~ collisions jl], and polarization 
effects jS]. A summary of the expected results has been presented recently in Ref. jH]. 
Moreover, 6-quark fusion to H/A bosons at the LHC has recently been investigated in a 
detailed experimental simulation [Zj and proved quite promising for large values of tan (3. 
All these methods are applicable in part of the MSSM parameter space and expected 
accuracies generally hover around the 10% level. In this situation any additional method 
for measuring tan (3 is valuable, improving the picture significantly even if the individual 
error remains of similar size. 

In this note we point out that rr fusion to Higgs bosons at a photon collider can 
provide a valuable method for measuring tan (3 - a natural next step after searching 
for Higgs bosons in 77 fusion [H] and exploiting the associated loop-induced production 
cross section [9.. The entire Higgs mass range can be covered by this method up to the 
kinematical limit for large tan/?. 

In the next section a semi-quantitative analytical discussion of rr fusion to Higgs 
bosons will motivate the detailed study. The fusion process is the dominant Higgs boson 
production process in 77 collisions giving rise to r + r~ + Higgs in the final state. In the 
subsequent numerical analysis, however, a full set of signal and background processes is 
taken into account. We demonstrate that for standard design parameters of a photon 
collider an error A tan /? ~ 1 in measurements of a large tan /? value can be expected. 

2. rr Fusion at a Photon Collider. The alternative channel to the methods summa- 
rized above, rr fusion to the light and heavy h/H/A Higgs bosons at a photon collider, 
cf. FiglU is based on the two-step process: 

7 + 7 -> (t + t~) + (t + t~) t + t~ + h/H/A (1) 

For the large-tan/? case studied here in detail as an example - the Higgs-mass slope 
crossing the Snowmass point SPSlb [TU] - the decay channels of Higgs bosons to super- 
symmetric particles are nearly shut and all the Higgs bosons $ = h/H/A decay almost 
exclusively, i.e. 80 to 90%, to a pair of b quarks. Therefore the final state consists of a 
pair of r's and a pair of resonant b quark jets. 
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Unlike LHC, rr fusion is superior to fe-quark fusion at a photon collider. This is 
apparent from a quick estimate of the charges and couplings involved. 6-quark fusion 
is suppressed by the fractional electric charge e& = —1/3 that cannot be compensated 
by color nor by the enhancement of the fermion-Higgs Yukawa coupling. In total, the 
6-channel suppression is of order 3 (l/3) 4 (mb/m r ) 2 ~ 0.1 compared with the tau channel. 




Figure 1: The process of tt fusion to Higgs bosons in 77 collisions. 

Energies in the range of more than one hundred GeV, i.e. the size of the Higgs-boson 
masses, quite naturally suggest the application of the equivalent-particle approximation 
to the 77 process (0). In this approximation, the process can be decomposed into two 
consecutive steps: photon splittings to tau pairs, 7 — > r + r _ , followed by the fusion process 
of two (almost on-shell) taus to the Higgs bosons, r + r~ — > $, cf. Fig. [TJ Hence, the cross 
section is given by the convolution of the fusion cross section with the rr luminosity in 
the colliding photon beams. 

The fusion cross section to the Higgs bosons $ may be written 

-r + - * '1 7rm r 2 M$r$/7T . . 

a[TT ~* $; s] = -w 9 ^ (i - Mif + Min (2) 

where s denotes the r + r~ invariant energy squared and v is the Higgs vacuum expectation 
value, v c± 246 GeV. The coupling g§ TT is normalized to the Standard Model Higgs 
coupling to a tau pair, m T /v. For large tan/3, the couplings' 1 are given by 

g<s>TT = tan (3 for $ = A 

g$ TT ~ tan (3 for $ = h, H (3) 

if the pseudoscalar mass parameter Ma is sufficiently light in the case of h, and sufficiently 
heavy in the case of H, cf. Ref. [2] for details. The rr luminosity can be derived from the 
7 — > r structure function JJJ 

^) = £[- J + (i--~) 2 H°s§ (*) 



a Notc that in contrast to the 6-quark couplings, the r-couplings are not strongly renormalized by 
higher-order corrections. 
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where the energy fraction transferred from 7 to r is denoted by z and non-logarithmic 
terms have been neglected. The factorization scale \ip typical for the subsequent fusion 
process is set by the Higgs mass in this calculation, \i F — M$. 

From these two elements the total 77 cross section can be calculated in the narrow- 
width approximation as 

^[77 - r+r-$] = ^ g\ TT x 2 f 1 *± D;(z)D;(t/z) (5) 

ZV S Jt z 

where r = M|/s, with s being the cm. energy squared of the photons. Defining the rr 
luminosity function by the convolution integral of the structure functions (including the 
multiplicity factor 2), the leading- logarithmic part, F LL , is given by 

«*> - (£)•/«« *g 

f LL {r) = 2(l + 2r) 2 logr- 1 -4(l-r)(l + 3r) (6) 
The single log corrections can be included by replacing Fll — ► Fll + Fl where b 




f L {r) = -8(l-r)(l + 3r)log(l-r) + (l + 2r) 2 [log 2 r + 4Lz 2 (r)-^] 

-(5 + 24r + 4r 2 ) logr" 1 + 1(1 - r)(27 + 103r) (7) 

Fig. El displays the luminosity function in the leading logarithmic approximation, Fll, 
and corrected with the single log, Fll + Fl. Adding to the luminosity function the 
corrections from Higgs bremsstrahlung off the external r legs in the 77 process, the 
generalized function F(t), defined in parallel to the split form of Eq.(J5J) and calculated 
in the next section, is shown here for comparison . Evidently, the analytical calculations 
provide us with a good-quality picture of the process so that a proper understanding of 
the mechanisms involved can be claimed. 

For energies sufficiently above threshold, Fll provides a solid basis for estimating the 
cross sections. The analytical formula Eq.© can readily be used therefore for a first 
estimate of the potential for measuring tan (3 in the 66-decay channel. A rough estimate 
shows the size of the cross section to be ~ 8 fb for the 77 cm. energy = 600 GeV, 
Mh/a — 400 GeV and tan f3 = 30. For an integrated luminosity of 200 fb -1 , which may be 
accumulated in running the 77 collider for one year, about 3000 events can be expected 
in both H and A decay channels. As a result, a statistical error of order 1% can be 
predicted that compares favorably well with other methods [HllZj- On the other hand the 
light Higgs boson h and the heavy Higgs bosons H, A for moderate mass values can also 
be produced at lower energies, e.g. E iy = 400 GeV. 

b For a general factorization scale /if 7^ M#, the term 2/ll log /ip/M| must be subtracted from /l in 
Eq.0. 

c This discussion has also been presented in some detail as it sheds light on the quality of the parton 
picture for heavy quarks in high-energy proton beams where comparisons cannot be performed with the 
same rigor as in the lepton sector. 
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Figure 2: Comparison of the luminosity function F calculated in the leading-log approx- 
imation, F LL , corrected with the single log, F LL + F L , and the exact tree-level calculation, 
presented as functions of the Higgs boson mass M$ . 

In the same way we can estimate the size of the cross section for the main background 
channel: r + r~ annihilation into a pair of 6-quarks, t + t~ — > bb, via s-channel 7 and 
Z exchanges, Fig. |3] left panel. As the mechanism is electroweak, the cross section is 
naturally small (what would have been different for 46 final states where strong QCD 
processes would be activated). If proper care is taken for the invariant mass of any of the 
fermion pairs not to match the Z-boson mass (except for h), the transition probability 
is reduced by one power of the electroweak coupling squared compared with the signal 
process. The 77 cross section of this background channel is obtained by integrating 
the parton cross section <5-[t + t~ — > 7, Z — > bb} = Ana 2 (\QbQr\ 2 ) /s, with the familiar 
generalized electroweak charges Q T and Qb, over the rr luminosity of the 77 collider 
within the range A at the invariant energy y/§ = M$. The integration range A is taken 
either as the total width of the Higgs bosons r$ or as the estimated experimental resolution 
A ex ~ ±0.05 M 4 of the bb final state [TJ]: 

A = max[r$, 2A ex ] (8) 

Inserting typical parameters for a Higgs boson mass of Mh/a — 400 GeV, one finds a 
background cross section of size <5x 10~ 3 fb. This value, corresponding roughly to the 
signal for tan/5 ~ 2, is much smaller than the size of the signal cross section for large 
values of tan j3 > 10. Similar signal-to-background ratios are predicted for the light Higgs 
boson h, except for masses close to the Z-boson mass. For small Higgs-boson masses, 
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Figure 3: The annihilation and diffractive background processes in 77 collisions giving 
rise to rrbb final states. 

the background gradually increases when the bb invariant mass approaches the on-shell 
Z-boson mass and the background suppression as a result of the additional electroweak 
coupling ceases to be effective. 

The topology of the related background process of bb fusion to a t + t~ pair via 7 
or Z exchange is quite different from the signal. It can be suppressed to a very small 
level in two ways: by requiring sufficiently large transverse momenta of the b quarks and 
sufficiently small transverse momenta for the r's. 

A second background channel is associated with diffractive 77 — > (r + r _ )(66) events, 
the pairs scattering off each other by Rutherford photon exchange, Fig. |3] right panel. 
While being very large in principle, the diffractive background can be suppressed strongly 
by proper cuts. The paired fermions in diffractive events travel preferentially parallel to 
the 7 axes and they carry small invariant mass. Requiring therefore a large invariant mass 
for the bb pair, equivalent to the Higgs signal, and, as suggested by the topology of the 
signal, the r's to go into opposite directions near the beam axis, the background can be 
reduced strongly. This expectation is borne out by the quantitative numerical analysis 
presented in the next section. 

3. Numerical Analysis. Encouraged by the semi-quantitative estimates, we have per- 
formed a detailed numerical analysis for signal and backgrounds. 

Assuming an e ± e~ collider cm. energy of 800 GeV, the maximum of 77 energy 
spectrum can be taken as 600 GeV. Adopting the TESLA parameters, for instance, an 
integrated 77 luminosity of about 200 fb _1 per annum can be expected in the margin 20% 
below the maximum e + e~ energy jTHj. Similarly, about 100 fb _1 may be accumulated for 
a 77 energy of 400 GeV at a 500 GeV e ± e~ collider. 

As alluded to before, we shall analyze the system under the assumption that Higgs 
decay channels to supersymmetric particles are shut. Such a scenario is realized approx- 
imately in the Snowmass reference point SPSlb jTU] for which decays to charginos and 
neutralinos add up to a branching ratio of less than 1%, see Fig. 0J In this situation the 
H/A Higgs bosons decay primarily to bb pairs with a small admixture of rr pairs for large 
tan/3: BR T /BR b = l/3(m T /m b ) 2 ~ 0.1 for Higgs masses of 400 GeV. The H/A decay 
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Figure 4: The decay branching ratios of the Higgs bosons H and A (upper row) and h 
(lower left). The lower right panel shows the total decay widths of H and A. All quantities 
are given as functions of the respective Higgs boson mass. The SUSY parameters, in 
particular tan/? = 30, have been chosen as in the SPSlb scenario except for which 
varies from 100 GeV to 525 GeV. The upper limit corresponds to the SPSlb Snowmass 
point. 



widths, which are important parameters to control the background suppression, are also 
shown in Fig. 0] for tan f3 = 30 as a function of the Higgs masses. In the mass range of 
interest the total Higgs decay widths are of the order of a few GeV. Moreover, they are 
comparable to the experimental bb invariant mass resolution, and the resonant 6-quark 
jets from the Higgs boson decay should clearly be visible above the smooth background. 
The light Higgs boson h has similar decay branching ratios for moderately small Ma- 

In the numerical analysis the full set of diagrams for the signal processes 77 — > 
t + t~ + $[— > bb] and all diagrams for the background processes 77 — ► r + r~bb, generated 
by means of CompHEP ^3], are taken into account. This set includes for the signal in par- 
ticular bremsstrahlung of the Higgs bosons off the external r legs in the non-logarithmic 
corrections to the equivalent-particle approximation. 
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Figure 5: The cross sections for the production of the H/A (top) and h (bottom) Higgs 
bosons in the tt fusion process for tan (3 = 30. Also shown is the background cross section 
for experimental cuts as specified in the text. SUSY parameters as in Fig^ ^/s denotes 
the 77 collider cm. energy, corresponding to approximately 80% of the e ± e~ linear collider 
energy. 
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We finally present in the top panel of Fig. 03 the exact cross sections for the signals 
coming from the production of H and A Higgs bosons in the rr fusion process together 
with all the background processes. The cuts which define the final states have been 
chosen such that the diffract ive 7-exchange mechanism is suppressed sufficiently well. For 
this purpose, the invariant bb mass has been constrained to the bracket A as defined in 
Eq.flEl) d , the taus are assumed visible and traveling in opposite directions to the beam 
axis with tau energies in excess of 5 GeV and polar angles beyond 130 mrad to account 
for the shielding. Note that no cut on the r + r~ invariant mass is required to suppress the 
bb fusion process to Z bosons decaying to r pairs which increases the background cross 
section marginally for large Higgs masses before it is cut off completely by phase space. 
Even tan/5 values down to tan/5 > 5 could be probed without running into background 
problems. [The discussion of experimental cuts on transverse momenta and total event 
energy to remove overlaying 77 events is beyond the scope of this theoretical study] 

In the complementary bottom panel of Figure 03 it is shown that also rr fusion to the 
light Higgs boson h can be exploited to measure tan (3 for large values if the pseudoscalar 
mass is moderately small. In the example presented in Fig. El the 77 cm. energy has 
been set to 400 GeV. 

The drop in the H and h signal cross sections at the lower and upper end of the 
mass range, respectively, is caused by the reduction of the Htt and hrr couplings to the 
Standard Model values in these parameter areas. 
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Table 1: Relative errors A tan (3/ tan (3 on tan/5 measurements for tan (3 = 10, 30 and 
50 based on: combined A Q) h [I, IV] and A® H [II,III,V-VIII] production, assuming 
£ 77 = 400 GeV, £ = 100 fb' 1 and £ 77 = 600 GeV, £ = 200 flr 1 . Cuts and efficiencies 
are applied on the final-state r ? s and b jets as specified in the text. 



The statistical accuracy with which large tan/5 values can be measured in rr fusion 
to Higgs bosons can be estimated from the predicted cross sections and the assumed 
integrated luminosities. Efficiencies for bb tagging, e&&, and rr tagging, e TT , reduce the 
accuracies. For e&& ~ 0.7 and e TT ~ 0.5, for example |T2] . the errors grow by a factor 

d On the Ma.h slope of SPSlb analyzed here in detail, the heavy Higgs bosons remain so narrow that 
A is always given by the experimental resolution A ex . 
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l/y/6bb£ T T ~ 1-7. The expected errors for h/H/A production are exemplified for three 
tan/3 values, tan/3 = 10, 30 and 50, in Tabled The integrated luminosities are chosen 
to be 200 fb _1 for the high energy option and 100 fb _1 for the low energy option [TB*] . 
For h production, the mass parameters are set to Ma ~ 100 GeV and M h = 100 GeV; 
for the production of the heavy pseudoscalar A the mass is varied between 100 and 500 
GeV. Results for scalar H production are identical to A in the mass range above 120 
GeV. The two channels h and A, and H and A are combined in the overlapping mass 
ranges in which the two states, respectively, cannot be discriminated. In Tabled we have 
presented the relative errors Atan/3/ tan/3. Since in the region of interest the rr fusion 
cross sections are proportional to tan 2 f3 and the background is small, the absolute errors 
A tan j3 are nearly independent of tan (3, varying between 

Atan/3~0.9 and 1.3 (9) 

for Higgs mass values away from the kinematical limits. 

It should be noted that away from the kinematical limits, the Higgs fusion cross 
sections ~ F/s, Eq.fjHJ), vary little with the 77 energy since the suppression by s is almost 
compensated by the luminosity function F. As a result, the smearing of the 77 energy 
has a mild effect on the analysis presented here. Moreover, since the 77 luminosity rises 
with the collider energy, the errors on tan/3 decrease. Of course, detailed experimental 
simulations are required for the final conclusions on the anticipated accuracies. However, 
the above estimates can clearly be interpreted as encouraging experimental simulations 
with promising prospects for valuable measurements of tan/3. 

4. Summary. We have demonstrated in this letter that rr fusion to the heavy Higgs 
bosons H/A of the MSSM at a photon collider is a promising channel for measuring 
the Higgs mixing parameter tan /3 at large values. Complemented by rr fusion to the 
light Higgs boson h for moderately small values of the pseudoscalar Higgs boson mass 
Ma, the MSSM parameter range can nicely be covered in all scenarios. The analysis 
compares favorably well with the corresponding 6-quark fusion process at the LHC [7 . 
Moreover, the method can be applied readily for a large range of Higgs mass values and 
thus is competitive with complementary methods in the e + e~ mode of a linear collider [Bj. 
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